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Boat noise prevents soundscape-
based habitat selection by coral 
planulae
David Lecchini1,2, Frédéric Bertucci  1,3, Camille Gache1,2, Adam Khalife1,4, Marc Besson1,5, 
Natacha Roux1,5, Cecile Berthe1, Shubha Singh6,7, Eric Parmentier3, Maggy M. Nugues  1,2, 
Rohan M. Brooker8, Danielle L. Dixson8 & Laetitia Hédouin1,2
Understanding the relationship between coral reef condition and recruitment potential is vital for the 
development of effective management strategies that maintain coral cover and biodiversity. Coral 
larvae (planulae) have been shown to use certain sensory cues to orient towards settlement habitats 
(e.g. the odour of live crustose coralline algae - CCA). However, the influence of auditory cues on coral 
recruitment, and any effect of anthropogenic noise on this process, remain largely unknown. Here, we 
determined the effect of protected reef (MPA), exploited reef (non-MPA) soundscapes, and a source of 
anthropogenic noise (boat) on the habitat preference for live CCA over dead CCA in the planula of two 
common Indo-Pacific coral species (Pocillopora damicornis and Acropora cytherea). Soundscapes from 
protected reefs significantly increased the phonotaxis of planulae of both species towards live CCA, 
especially when compared to boat noise. Boat noise playback prevented this preferential selection of 
live CCA as a settlement substrate. These results suggest that sources of anthropogenic noise such as 
motor boat can disrupt the settlement behaviours of coral planulae. Acoustic cues should be accounted 
for when developing management strategies aimed at maximizing larval recruitment to coral reefs.
Larval replenishment is essential for the maintenance and recovery of marine benthic communities, especially in 
systems that rely on functionally important or foundation species, such as coral reefs1. Worldwide, coral reefs are 
facing unprecedented acute and chronic threats due to anthropogenic impacts that are driving substantial coral 
mortality and habitat loss2,3. As corals are the primary ecosystem engineer within reef communities, providing 
habitat and resources for many reef-associated species, the continued recruitment of coral larvae (planulae) into 
habitats that are favourable to survival is vital for the reestablishment, recovery, and resilience of degraded reef 
ecosystems1,4. Evidence is mounting that coral planulae are active participants during dispersal and recruitment4. 
However, the sensory and behavioural mechanisms used to disperse and return to appropriate habitat remains 
poorly understood, especially in the context of rapid local and global environmental change4,5.
Once in the vicinity of a coral reef, settlement-stage planulae respond to a variety of environmental cues, 
including, but not limited to: light, colour, depth, pressure and waterborne chemicals4,6,7. Sensory cues produced 
by components of the benthic community can also influence coral settlement. For instance, species of crustose 
coralline algae (CCA) provide positive settlement cues for many coral species8–10 while algal turfs, macro algae 
and cyanobacteria generally produce negative cues11,12. This effect has been attributed to physical, chemical, and 
microbial mediated mechanisms, including the release of primary and secondary metabolites by algae4,13. In the 
context of local and global threats to coral reefs, it has been suggested that the chemically-mediated responses of 
planulae could further reduce the resilience of degraded reefs if these systems are producing repellent chemical 
cues (e.g. from macro algae)14. In addition, global stressors, such as ocean acidification and elevated sea surface 
1EPHE, PSL Research University, UPVD-CNRS, USR3278 CRIOBE, 98729, Moorea, French Polynesia. 2Laboratoire 
d’Excellence “CORAIL”, Moorea, French Polynesia. 3Laboratoire de Morphologie Fonctionnelle et Evolutive, Université 
de Liège, B-4000, Liège, Belgium. 4Institut de Génomique Fonctionnelle de Lyon, Université de Lyon; Université 
Lyon 1; CNRS UMR 5242, Ecole Normale Supérieure de Lyon, 46 allée d’Italie, 69364, Lyon, France. 5Observatoire 
Océanologique de Banyuls-sur-Mer, UMR7232, Université Pierre et Marie Curie Paris, 1 avenue du Fontaulé, 66650, 
Banyuls-sur-Mer, France. 6University of the South Pacific, School of Marine Science, Suva, Fiji. 7Institut des Récifs 
Coralliens du Pacifique, IRCP, Moorea, French Polynesia. 8School of Marine Science and Policy, University of Delaware, 
Robinson Hall, Newark, DE, 19716, USA. David Lecchini and Frédéric Bertucci contributed equally to this work. 
Correspondence and requests for materials should be addressed to D.L. (email: lecchini@univ-perp.fr)
Received: 5 July 2017
Accepted: 7 June 2018
Published: xx xx xxxx
OPEN
www.nature.com/scientificreports/
2Scientific RepoRts |  (2018) 8:9283  | DOI:10.1038/s41598-018-27674-w
temperatures, can also reduce coral settlement, most likely due to the disruption of chemically-mediated mecha-
nisms between coral planulae and CCA15,16.
Acoustic cues are also used by many marine organisms to gather information on the location of mates or 
resources, orient towards habitats, when interacting with conspecifics, and detect predators or prey17,18. On coral 
reefs, noise (different from pressure amplitude) is highest closest to the reef due to a high density of different 
sound sources (e.g. breaking waves, snapping shrimps, and soniferous fishes). Reef ’s sound is temporally variable 
at a range of scales, changing diurnally, over lunar cycles, and also with the seasons17–19. These acoustic cues play 
an important role during recruitment with several studies showing the phonotaxis of larval fishes and crustacean 
to reef habitats5. While coral planulae lack structures analogous to the ‘ears’ of vertebrates such as fishes, they 
are densely covered with exterior cilia, which may allow them to sense and react to underwater sound fields. For 
example, coral planulae respond positively to the natural reef sounds produced by resident fish and crustaceans20 
and ‘high amplitude’ soundscapes have been shown to generate a higher settlement rates compared to quieter 
environments21. However, further investigation is needed to definitively understand the mechanisms underlying 
the perception of positive and negative acoustic cues on the ability of coral planulae to find an appropriate reef 
substrate, especially CCA.
Anthropogenic noise is now considered a global pollutant. In coastal marine environments, a major source of 
this noise is boat traffic. Boat noise can impact the behaviour (e.g. acoustic communication, antipredator defence, 
foraging) and physiology (e.g. ventilation rates, metabolic rates, heart rates) of marine organisms from a broad 
range of taxa22,23. For example, boat noise can disrupt the responses of fish larvae to natural reef sounds24 with 
potential implications for habitat selection, population dynamics, and the resilience of coral reef habitats near 
human development24. Additionally, despite the importance of Marine Protected Areas (MPA) in the protection 
and conservation of marine species and resources25,26, whether the different soundscapes produced by MPAs and 
non-MPAs affect larval settlement remains untested5. Healthy coral reef communities are associated with specific 
ambient soundscapes27,28 with a positive correlation between coral cover, fish density and sound levels29. This may 
be a result of positive feedback mechanisms, with healthy, biodiverse reefs inherently louder and richer acousti-
cally than degraded locations30,31.
Here, we investigated the effect of different soundscapes (recorded from protected and unprotected reefs) on 
the phonotaxis of coral planulae (both Pocillopora damicornis and Acropora cytherea) towards live CCA substrate 
and tested the potentially negative effect of an anthropogenic sound source (boat noise) on the preference for 
live CCA over dead CCA substrate at Moorea island. Specifically, we examined if 1) coral planulae orient more 
frequently towards live CCA in acoustically “un-disturbed” seawater (control). We then determined if 2) cues 
present in protected reef (3 MPA sites) soundscapes increases the number of planulae settling on live CCA com-
pared to soundscapes of unprotected reefs (3 non-MPA sites). Finally, we examined if 3) anthropogenic (boat) 
noise affected larval settlement patterns.
Results
The sounds of 3 MPAs, 3 adjacent non-MPA sites, and repeated boat passes were recorded at Moorea Island 
(Fig. 1). Together with a control (no sound) treatment, all sounds were tested on P. damicornis, while the sounds 
of only one MPA/non-MPA pair, and the boat sound were tested on A. cytherea.
Sound analyses. Sound samples mostly differed in frequencies above 0.3 kHz (Fig. 2). The boat sound sam-
ple exhibited an average sound pressure level (SPL) of 88 ± 3 dB re 1 μPa. Lower sound levels were found for 
frequencies under 0.3 kHz (<85 dB re 1 μPa). The highest SPL were found at three local maxima at 0.4 kHz, and 
0.9 kHz (90 dB re 1 μPa) and at 5 kHz (93 dB re 1 μPa).
Sounds of Tetaiuo and Tiahura (MPAs) showed a similar pattern of sound levels with an average SPL of 
78 ± 2 dB re 1 μPa up to 2 kHz, before an increase and local maxima of 83 dB re 1 μPa and 85 dB re 1 μPa respec-
tively, at ca. 3.5 kHz. Their respective non-MPAs, Gendron and Papetoai, also showed similar spectra but with 
lower sound levels with an average SPL of 74 ± 1 dB re 1 μPa up to 2 kHz, before an increase and a common local 
maximum of 82 dB re 1 μPa at ca. 3.5 kHz. The last MPA/nMPA pair, Nuarei and Temae, had similar spectra with 
Figure 1. Map of recording sites in three Marine Protected Areas (MPA) and three non-Marine Protected 
Areas (non-MPA). Map drawn by the authors from an aerial photograph of Moorea taken by the CRIOBE in 
2008 from a private plane.
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the lowest levels and an average SPL of 72 ± 3 dB re 1 μPa up to 1 kHz, before an increase and local maxima of 
77 dB re 1 μPa and 75 dB re 1 μPa respectively, at ca. 4 kHz (Fig. 2).
Comparisons between MPAs and their adjacent non-MPAs revealed significant differences (Kruskal-Wallis, 
χ²5 = 16.5–140, P = 0.02 and P < 10−3 for day and night respectively) in the sound pressure levels in the low fre-
quencies (20 Hz–2 kHz). Tetaiuo and Gendron (t = 3.54, P = 0.01) and Tiahura and Papetoai (t = 3.90, P < 0.005) 
only differed during night recordings (day, t = 0.02–0.69, P = 1). Nuarei and Temae did not differ (day, t = 1.17, 
P = 0.94; night, t = 1.91, P = 0.54). Significant differences also appeared in higher frequencies (2–20 kHz) 
(Kruskal-Wallis, χ²5 = 177, P < 10−3). Tetaiuo and Gendron showed significantly different sound intensities both 
during day (t = 3.69, P = 0.006) and night (t = 3.71, P = 0.006). Tiahura and Papetoai showed no differences dur-
ing day (t = 0.58, P = 0.99) nor night recordings (t = 0.01, P = 1). Lastly, the Nuarei and Temae still displayed 
similar sound intensities between day and night (t = 0.25–0.89, P = 1) (Fig. 2).
Choice experiments on Pocillopora damicornis. In the no-noise control treatment, 39 ± 2% 
(mean ± SE) of P. damicornis planulae were present in arms containing live CCA while 26 ± 3% were in arms 
containing dead CCA (Figs 3 and 4). Planulae attraction towards live CCA was significantly affected by sound 
treatment (2-way ANOVA, F3,98 = 9.98, P < 10−3) with MPA sounds resulting in more planulae in the live CCA 
arms than any other sound treatment (Table 1, Fig. 4). When MPA sounds were played behind the live CCA 
Figure 2. Average power spectra (Sound Pressure Levels, dB re: 1 μPa) of the sounds played to coral planulae. 
Boat noise is represented in blue, MPA sounds are represented in red (Tetaiuo: light red, Tiahura: red and 
Nuarei: dark red) and non-MPA sounds are represented in green (Gendron: light green, Papetoai: green and 
Temae: dark green).
Figure 3. Schematic representation of the experimental apparatus used for choice experiments.
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substrate, 48 ± 6% of planulae preferred live CCA arms while 26 ± 4% still preferred dead CCA arms. In contrast, 
there were significantly more planulae in the dead CCA arms only when boat noise was played (2-way ANOVA, 
F3,98 = 4.97, P = 0.003) (Table 1). A higher proportion (43 ± 6%) of planulae were found within the chamber arms 
containing dead CCA than within live CCA chamber arms (24 ± 3%) (Fig. 4).
When looking at the differential effects of sound type, a significant effect was found (2-way ANOVA, 
F7,94 = 5.30, P < 10−3). Playbacks of all MPA sounds attracted significantly more planulae towards live CCA than 
sounds of their respective non MPA (Table 2). Tetaiuo and Tiahura appeared as the most attractive stimuli with 
significantly more planulae attracted towards live CCA than in control condition (Table 2). Boat noise signifi-
cantly decreased the number of attracted planulae compared to the 3 MPAs sounds and no sound (control) con-
dition. The number of planulae found in the dead CCA arms was significantly higher when boat noise was played 
(ANOVA, F7,94 = 3.31, P = 0.003) compared to any other sound type (Table 2, Fig. 4).
Choice experiments on Acropora cytherea. In the no-noise control treatment, 53 ± 7% of A. cytherea 
planulae were present in arms containing live CCA while 29 ± 3% were in arms containing dead CCA (Figs 3 
and 5). Planulae attraction towards live CCA was significantly affected by sound treatment (One-way ANOVA, 
F3,28 = 4.32, P = 0.01). However, only MPA (Tiahura) sounds resulted in more planulae in the live CCA arms com-
pared to boat noise (Table 3, Fig. 5). When MPA sounds were played behind the live CCA, 64 ± 5% of planulae 
preferred the live CCA arms while 36 ± 6% preferred the live CCA arms when boat noise was played back. In con-
trast, in the dead CCA arms (One-way ANOVA, F3,28 = 3.46, P = 0.03), the number of planulae was significantly 
higher when boat sounds were played behind live CCAs compared to MPA sounds (Table 3, Fig. 5).
Discussion
Coral planulae of both P. damicornis and A. cytherea displayed a significant preference for live CCA in the absence 
of acoustic cues. This attraction was likely driven by chemical cues released by the CCA and/or associated micro-
bial films8,10,32. However, planulae seem to be affected by soundscapes and capable of distinguishing between 
sound sources. In particular, sounds produced by boats significantly reduced the attraction to the live CCA in 
P. damicornis when compared to the no-noise control. In A. cytherea, this reduction was significant when com-
pared to MPA sound. Each of the sound treatments used (MPA, non-MPA, boat noise) had peculiar acoustic 
features that may have been used by coral planulae as orientation cues, similar to what has been observed in 
many other taxa18,21,33. The different areas of a reef are known to produce distinctive soundscapes27,29,34,35, with 
healthy locations producing significantly louder and richer acoustic signals than degraded sites or sites impacted 
Figure 4. Distribution of Pocillopora damicornis planulae (% ±SE) in the choice chambers. Results at t = 4 h 
for the different sound treatments: no sound (control) (n = 13), Tetaiuo MPA sounds (n = 12), Gendron non-
MPA sounds (n = 12), Tiahura MPA sounds (n = 12), Papetoai non-MPA sounds (n = 12), Nuarei MPA sounds 
(n = 12), Temae non-MPA sounds (n = 12) and boat noise (n = 13). Stars indicate significant differences in the 
proportion of planulae between sound treatments and the control condition in the live (white stars) and dead 
CCA arms (light grey star). Asterisks indicate significant differences in the proportion of planulae between 
MPAs and their respective non-MPA sound treatments at an alpha level of 0.05. Results are from a 2-way 
ANOVA followed by Tukey HSD post hoc tests. Live CCA arms are in white, dead CCA arms are in light grey, 
central compartments (no choice) are in dark grey.
control MPAs nMPAs
Live Dead Live Dead Live Dead
MPAs 0.045 0.99
nMPAs 0.18 0.44 <10−3 0.28
boat 0.026 0.003 <10−3 <10−3 0.18 0.004
Table 1. P values of all pairwise comparisons (Tukey HSD post-hoc test) comparing the proportion of 
Pocillopora damicornis planulae between the 4 different treatments (control, MPAs, non-MPAs and boat) for the 
live CCA arm (white) and for the dead CCA arm (grey). Significant differences at an alpha level of 0.05 are in 
bold type.
www.nature.com/scientificreports/
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by human activities30,36. Thus, the present study suggests that the soundscapes generated within MPAs may facil-
itate increased larval attraction. The sound records of MPA and non-MPA were collected within three MPA/
adjacent non-MPA pairs with one pair from each coast of Moorea Island. Differences in acoustic features were 
present between two of the three MPA/ non-MPA pairs, with significantly higher sound levels within the MPA 
than within their respective adjacent non-MPA (Tetaiuo/Gendron and Tiahura/Papetoai). The last pair, Nuarei/
Temae, still induced a different proportion of larvae in the live CCA arms though, even if this pair was the qui-
etest with similar spectra between the MPA and its corresponding non-MPA. Overall, results highlight, for the 
first time, that free-swimming coral planulae are capable of using auditory cues for habitat discrimination and 
selection (Figs 2, 4 and 5) and the identification of what acoustic feature may trigger attraction towards a suitable 
habitat deserves to be investigated in the future.
Sound is characterized by the propagation of particle motion and acoustic pressure33. Measuring particle 
motion would have needed the use an accelerometer, which could not fit into the experimental setup. In fishes, 
some species can detect the particle motion component by means of external neuromasts along the lateral line, 
control MPA Tetaiuo nMPA Gendron MPA Tiahura nMPA Papetoai MPA Nuarei nMPA Temae
Live Dead Live Dead Live Dead Live Dead Live Dead Live Dead Live Dead
MPA Tetaiuo 0.047 0.79
nMPA Gendron 0.53 0.36 0.02 0.24
MPA Tiahura 0.021 0.91 0.57 0.69 0.004 0.44
nMPA Papetoai 0.43 0.36 0.012 0.52 0.87 0.07 0.003 0.31
MPA Nuarei 0.81 0.84 0.13 0.65 0.39 0.48 0.04 0.94 0.32 0.28
nMPA Temae 0.061 0.07 0.0004 0.12 0.22 0.008 <10−3 0.06 0.29 0.39 0.04 0.5
boat 0.024 0.003 <10−3 0.007 0.11 <10−3 <10−3 0.002 0.15 0.04 0.014 0.002 0.74 0.25
Table 2. P values of all pairwise comparisons (Tukey HSD post-hoc test) comparing the proportion of 
Pocillopora damicornis planulae between the 8 different sound types (control, Tetaiuo MPA, Gendron non-
MPA, Tiahura MPA, Papetoai non-MPA, Nuarei MPA, Temae non-MPA and boat) for the live CCA arm (white) 
and for the dead CCA arm (grey). Significant differences at an alpha level of 0.05 are in bold type.
Figure 5. Distribution of Acropora cytherea planulae (% ± SE) in the choice chambers. Results at t = 4 h for 
the different sound treatments: no sound (control) (n = 8), Tiahura MPA sounds (n = 8), Papetoai non-MPA 
sounds (n = 8) and boat noise (n = 8). Asterisks indicate significant differences in the proportion of planulae in 
the live and dead CCA arms between Tiahura MPA and boat sound treatments at an alpha level of 0.05. Results 
are from a one-way ANOVA followed by Tukey HSD post hoc tests. Live CCA arms are in white, dead CCA 
arms are in light grey, central compartments (no choice) are in dark grey.
control MPA Tiahura
nMPA 
Papetoai
Live Dead Live Dead Live Dead
MPA Tiahura 0.46 0.69
nMPA Papetoai 0.92 0.88 0.18 0.27
boat 0.19 0.21 0.007 0.02 0.48 0.57
Table 3. P values of all pairwise comparisons (Tukey HSD post-hoc test) comparing the proportion of Acropora 
cytherea planulae between the 4 different sound types (control, Tiahura MPA, Papetoai non-MPA and boat) for 
the live CCA arm (white) and for the dead CCA arm (grey). Significant differences at an alpha level of 0.05 are 
in bold type.
www.nature.com/scientificreports/
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which are relatively similar to the cilia of coral planulae20. Other fishes can also detect acoustic pressure and 
translate it into particle motion by means of anatomical linkages between the gas-filled swim-bladder for instance 
and the otoliths located in their inner ear17. As suggested by Vermeij et al.20 and in absence of morpho-functional 
studies on cilia of planulae, we anticipate that coral planulae can only respond to particle motion37. This mech-
anism likely constrains their ability to perceive reef sounds to relatively short distances37. Nevertheless, deter-
mining the sensory mechanism that permits coral planula to distinguish between different sound recordings 
(i.e. propagation of particle motion, acoustic pressure, or sound levels) is essential for identifying the spatial 
scales over which noise cues are behaviourally relevant. It is also important to determine whether the observed 
responses are due to sound avoidance or rather an impaired ability to detect other stimuli.
Understanding global stressors impacting coral settlement has generated considerable attention15,16. To this 
end, this study identifies a new pollutant for coral: anthropogenic sound in the form of boat noise. Anthropogenic 
noise increasingly contributes to natural soundscapes on a global scale38,39, and may alter settlement patterns of 
marine fish larvae5. For example, boat noise reduced the attraction to reef sounds by 13% in settlement stage fish 
larvae24. Here, boat noise reduced the number of P. damicornis planulae attracted to live CCA too. In A. cytherea, 
boat noise diminished the attraction to live CCA to the extent that larvae avoided the preferential live CCAs. 
Therefore, boat traffic near coral reefs may require additional management during peak recruitment periods to 
increase the likelihood of coral larvae locating favourable substrate. Coral larval phonotaxis towards suitable 
habitats could be impaired by the noise caused by boat traffic which is predicted to increase, even in small South 
Pacific Islands, such as Moorea40. Finally, the negative response to boat noise suggests that coral larvae do not 
simply respond positively to elevated sound levels that would be easier to detect but that more subtle features of 
soundscapes may come into play and be used to orient during recruitment.
Overall, the mechanisms that facilitate larval behaviour and settlement are intricately linked to population 
replenishment, persistence, and resilience to ecological changes. As a result, understanding the processes that 
influence the sensory abilities of marine larvae is fundamental for effective marine management and conser-
vation41. Far from being passive propagules, coral larvae use a combination of chemical, visual, physical, and 
auditory cues for fine-scale habitat selection during settlement processes7,10,14,42. Consequently, stressors that alter 
the sensory cues that larvae receive have the potential to impair recovery potential43,44. The present study suggests 
that anthropogenic noise may impact larval phonotaxis in two widespread and common coral species, while 
highlighting a potential interaction between acoustic and chemical cues on fine-scale habitat choice. Further 
information on key acoustic stimuli, such as local soniferous marine species, or boat noise characteristics, acting 
as either facilitators or inhibitors of larval recruitment in coral reefs is needed to enhance management initiatives 
and mitigate anthropogenic or natural disturbances.
Methods
Coral colonies and CCA. Pocillopora damicornis (L., 1758) is a brooding coral that releases competent plan-
ulae for 6–7 days, monthly, around the new moon, at Moorea45. Acropora cytherea (Dana, 1846) is a broad-
cast spawning coral that releases egg/sperm packages monthly (around new moon) between September and 
November. Planulae of P. damicornis and bundles (egg/sperm packages) of A. cytherea were collected by holding 
adult colonies (10 colonies of each species for each sampling month - diameter range: 15–25 cm; height range: 
10–20 cm) removed from the northern lagoon of Moorea, French Polynesia in shaded outdoor aquaria with 
oxygenated running seawater (Temperature: 28.3 ± 0.2 °C, Salinity: 36 ppt). Planulae were collected using hand 
nets. Bundles were collected by hand using 50 mL plastic tubes, mixed in a 10 L container with 5 L of 5 μm filtered 
seawater, left for 2 h to allow gamete bundles to break apart and fertilization to occur. All embryos were then 
pipetted from the container and transported to gently aerated, 20 L containers for planulae development. Coral 
larvae were tested when active swimming and bottom searching behaviour was displayed 4 days post-fertilization.
Experiments on P. damicornis planulae were conducted from April to May 2016, September to November 
2016 and February 2017 to acquire enough larvae replicates for sound treatments. The experiments on A. cytherea 
planulae were conducted between September and November 2016. Before each experiment, several pieces of CCA 
(Porolithon onkodes) were collected on reefs in Moorea’s northern coast and kept in the same conditions as coral 
colonies. Some CCA pieces were put in bleach for 12 hours and then washed in freshwater and seawater in order 
to obtain dead CCA fragments used as a substrate control. New pieces of live and dead CCA were used for each 
trial and within 24 h after their field collection.
MPA and non-MPA sites. Recording sites were located on the north coast of Moorea Island (French 
Polynesia). Three MPA sites, i.e. Tetaiuo (S 17.50950°; W 149.92950°), Tiahura (S 17.48260°; W 149.87290°) and 
Nuarei (S 17.50114°; W 149.75495°) and 3 non-MPA sites located nearby, i.e. respectively Gendron (S 17.50131°; W 
149.92755°), Papetoai (S 17.48257°; W 149.87290°) and Temae (S 17.51030°; W 149.76119°) were chosen (Fig. 1). 
The MPA sites have been no-take areas since 200436. Benthic and fish surveys were conducted with 6 belt transects 
(25 × 4 m) to describe the coral and fish characteristics of all locations (data collected in April 2016 and available 
at www.observatoire.criobe.pf/). Live coral cover within the 6 sites ranged from 10 to 50%, fish density and species 
diversity ranged from 140 to 1055 fish, and from 33 to 55 species for 100 m² respectively, Shannon-Wiener index of 
diversity (H) ranging from 2.4 to 3.4 (for a more detailed description, see Bertucci et al.36).
In the present study, sounds of MPA vs. non-MPA were tested, however, the acoustic characteristics of each 
sound depend on the quality of habitat (e.g., % of live coral, number of species) and specific soniferous marine 
species in each MPA and each non-MPA. Therefore, MPAs and non-MPAs cannot be considered as absolute spa-
tial replicates and the present study will not highlight that protection status favours or not the coral settlement, 
but will rather highlight that the general quality of an habitat, mediated by acoustic cues, could favour coral set-
tlement (for a more detailed description of the 6 sites, see Bertucci et al.36).
www.nature.com/scientificreports/
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Sound records. Four sound treatments were examined: (a) no sound (control), (b) reef sound from MPAs, 
(c) reef sound from non-MPAs, and (d) boat noise.
MPAs and non-MPAs reef sounds were recorded using a hydrophone (HTI-96-MIN with inbuilt preampli-
fier; sensitivity −165 dB re 1 V/μPa; frequency range 2 Hz–30 kHz; High Tech Inc., Gulfport, MS) connected to 
a underwater Digital Spectrogram (DSG) Long-Term Acoustic Recorder (Loggerhead Instruments, Sarasota, 
FL, USA)36. A recorder was placed on the outer slope at 10 m depth in the MPA and non-MPA sites from April 
1st to 3rd, 2016. Each recorder was programmed to record 5 minutes per hour over a 48-hr period. Recordings 
were digitized at 44.1 kHz (16-bit resolution). Visual and audio inspection of spectrograms revealed no boat 
noise in the recordings. Four-hour long MPA and non-MPA tracks were created by concatenating the 5-min files 
in chronological order. Power spectra of the sounds were calculated (Fast Fourier Transform FFT, 1024 points 
Hamming window, 75% overlap) and average sound pressure levels (Root Mean Square SPL, in dB re: 1 μPa) in 
the 20 Hz–2 kHz and in the 2–20 kHz frequency bands were compared with Kruskal-Wallis tests followed by 
Tukey’s post-hoc tests for pairwise comparisons in order to examine differences between MPAs and non-MPAs.
A total of 36 recordings of two outboard motorboats with 25-horse power Yamaha engines passes were made, 
with one boat per recording. Boats drove a 100 m-long straight line, starting 50 m away from the hydrophone 
and passed the hydrophone at a distance of 10 m. Boats were recorded during day at 10 m depth in a bay in the 
northern lagoon of Moorea (Opunohu bay) in April 2016, using a hydrophone (HTI- 96-MIN) connected to a 
solid-state recorder (Edirol R-09HR 16-bit recorder; sampling rate 44.1 kHz; Roland Systems Group, Bellingham, 
WA)46. Twelve without boat ambient-noise recordings were also made at the same recording location each day. 
The recorder was calibrated using pure sine wave signals synthesized in SAS Lab Pro version 5.2.07 software 
(Avisoft Bioacoustics, Glienicke, Germany), played on an MP3 player, and measured in line with an oscilloscope. 
Following the methodology described in Nedelec et al.46, boat recordings were clipped to 45 s samples represent-
ing one boat pass. Ambient-noise recordings were clipped into 64 s samples. Five minutes stretches were created 
by randomly mixing one boat pass and four ambient-noise samples. A 4-h playback track was constructed by 
concatenating randomly created stretches, providing a regular pace of 48 boat passes.
Playback treatments. Using R (version 3.1.2) and the Seewave package (version 2.0.1)47, a high-pass fil-
ter was applied to all recordings in order to remove frequencies below 50 Hz (associated to electronic noises). 
Playbacks were performed through waterproof earphones (Enduro Sport Earphones, sensitivity −102 dB 
SPL/mW, frequency response 20 Hz–20 kHz, KitSound, Christchurch, Dorset, UK), connected to mp3 players 
(MPUB330, frequency response 20 Hz–20 kHz, Mpman, Brussels, Belgium) and to a power amplifier (F-102, 2 
channel PA, Formula). Playing sounds in experimental setups can alter the characteristics of the original record-
ings. The analysis of the spectra of the different stimuli depicted important original characteristics preserved in 
playbacks. Differences between MPA, non-MPA and boat sounds detected in the field were still present (Fig. 2).
Choice experiments. Choice experiments were performed in an acoustically insulated room in cross-shaped 
choice chambers modified from Lecchini et al.48 (Fig. 3). The ends of two of the four arms of each choice chamber 
were randomly selected to include live CCA with working underwater speakers placed behind them. The remain-
ing two arms ended with bleached dead CCA with non-working underwater speakers behind the substrate. 
Chambers were made of 2.5 cm diameter PVC pipes. A central cross was fused with four 20 cm-long tubes, each 
one closed by an elbow oriented upright at the end. Four chambers were built and placed on separated Styrofoam 
panels in order to reduce the transmission of vibrations between each setup. According to the number of planulae 
available, between 2 to 4 randomly selected sound treatments were tested per coral species and per day (only 
one sound treatment per day). A total of 13 replicates were obtained for control and boat sound treatments, 12 
replicates were obtained for Tetaiuo, Gendron, Tiahura, Papetoai, Temae and Nuarei treatments. For A. cytherea, 
8 replicates were obtained for each sound treatment. Each chamber was filled with 200 mL of seawater, with no 
water flow. 1 g of live CCA (2 × 2 cm chip) was placed at the end of 2 elbows, and the 2 other opposite elbows 
contained 1 g of bleached dead CCA (2 × 2 cm chip). The use of dead CCA as alternative substrate choice was to 
help distinguish between the biological and physical properties of the CCA as well as volume available for swim-
ming. Note that preliminary trials with bleached dead CCA vs no CCA in the same experimental chambers did 
not show a repulsive effect of dead CCA (see Supplementary Fig. S1). The positions of the live CCA pieces were 
randomly changed between trials. As the present experiment intends to test the effect of sound on the settlement 
of planulae and their natural preferential attraction toward live CCAs8–10, earphones were placed underwater 
behind all CCA pieces, facing towards the centre of the chamber. Earphones behind the dead CCA pieces were off 
and did not produce any sound. Only one sound was played at a time in each chamber. Sounds were only played 
behind the live CCA to focus the study on the cumulative impact of chemical and acoustic cues which will occur 
in situ. Playbacks from the selected sound treatments were recorded in the middle of the chambers to ensure the 
same sound pressure level as recorded in situ.
Forty coral planulae of P. damicornis or A. cytherea were introduced at t = 0 in the centre of each chamber. 
All planulae were tested only once and used within 12 h following their release from the parental colonies. The 
numbers of planulae in each arm were counted every 60 min for 4 h using an ultraviolet lamp. This observation 
method enhances the detection of planulae through the excitation of their green fluorescent proteins49,50. As initial 
coral movement patterns did vary over time (i.e., observations every 60 min – see Supplementary Figs S2 and S3), 
the analysis was conducted using the number of planulae present within a distance of 2/3 of each arm length from 
CCA chips after 4 hours in the chamber (t = 4 h). The position of the larvae after 4 h of time was considered the 
definitive choice. Preliminary tests allowed to define the maximum duration at 4 h in order for coral larvae to have 
enough time to move towards live or dead CCA and also to play all the recording of 5 minutes per hour over a 
48-hr period (see also results in Supplementary Fig. S2).
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Normality and homoscedasticity of the data were verified using Shapiro-Wilk’s test and Bartlett’s test, respec-
tively. For experiments on P. damicornis, a two way-ANOVA with sound treatments and sound types was used 
to compare larval distribution (i.e. number of coral planulae) in the live CCA and in the dead CCA arms. Factor 
1 (type of playback) has 4 levels (control, MPA, non-MPA and boat), factor 2 (sound type) has 8 levels (con-
trol, Tetaiuo, Gendron, Tiahura, Papetoai, Nuarei, Temae and boat). The analysis were followed by Tukey’s HSD 
post-hoc tests for pairwise comparisons in order to examine differences between playbacks and sound types. For 
experiments on A. cytherea, since only one MPA and one non-MPA sounds were used, effects of sound types on 
larval distribution (i.e. number of coral planulae) in the live CCA and in the dead CCA arms were analysed using 
a one-way ANOVA with sound type as fixed factor. Tukey’s HSD post-hoc tests were subsequently used to identify 
differences between treatments.
Lastly, preliminary trials with live CCA with ambient noise with no boat noise, recorded in Opunohu bay 
vs. dead CCA in the same experimental chambers demonstrated no repulsive effect of ambient noise (see 
Supplementary Fig. S4).
All analyses were two-tailed, at an alpha level of 0.05 and carried out in R 3.1.2 (R Core Team, 2014) using 
customized scripts.
Data availability. All data generated and analysed during this study are available as Supplementary Data 
online.
Ethical approval. All the experiments were approved by the CRIOBE-IRCP animal ethics committee and 
performed in accordance with the guidelines of the French Polynesia committee for publication and animal 
ethics.
References
 1. Mumby, P. J. & Steneck, R. S. Coral reef management and conservation in light of rapidly evolving ecological paradigms. Trends Ecol. 
Evol. 23, 555–563 (2008).
 2. Gardner, T. A., Côté, I. M., Gill, J. A., Grant, A. & Watkinson, A. R. Long-term region-wide declines in Caribbean corals. Science 
301(5635), 958–960 (2003).
 3. Bruno, J. F. & Selig, E. R. Regional decline of coral cover in the Indo-Pacific: timing, extent, and subregional comparisons. PLoS ONE 
2, e711 (2007).
 4. Ritson-Williams, R. et al. New perspectives on ecological mechanisms affecting coral recruitment on reefs. Smithson. Contrib. Mar. 
Sci. 38, 437–457 (2009).
 5. Barth, P. et al. From the ocean to a reef habitat: how do the larvae of coral reef fishes find their way home? A state of art on the latest 
advances. Life and Environment 65, 91–100 (2015).
 6. Stake, J. L. & Sammarco, P. W. Effects of pressure on swimming behavior in planula larvae of the coral Porites astreoides (Cnidaria, 
Scleractinia). J. Exp. Mar. Biol. Ecol. 288, 181–201 (2003).
 7. Mason, B., Beard, M. & Miller, M. W. Coral larvae settle at a higher frequency on red surfaces. Coral Reefs 30, 667–676 (2011).
 8. Heyward, A. J. & Negri, A. P. Natural inducers for coral larval metamorphosis. Coral Reefs 18, 273–279 (1999).
 9. Ritson-Williams, R., Arnold, S. N., Paul, V. J. & Steneck, R. S. Larval settlement preferences of Acropora palmata and Montastraea 
faveolata in response to diverse red algae. Coral Reefs 33, 59–66 (2014).
 10. Tebben, J. et al. Chemical mediation of coral larval settlement by crustose coralline algae. Sci. Rep. 5, 10803, https://doi.org/10.1038/
srep10803 (2015).
 11. Kuffner, I. B. et al. Inhibition of coral recruitment by macroalgae and cyanobacteria. Mar. Ecol. Prog. Ser. 323, 107–117 (2006).
 12. Paul, V. J. et al. Chemically mediated interactions between macroalgae Dictyota spp. and multiple life-history stages of the coral 
Porites astreoides. Mar. Ecol. Prog. Ser. 426, 161–170 (2011).
 13. Gleason, D. F. & Hofmann, D. K. Coral larvae: from gametes to recruits. J. Exp. Mar. Biol. Ecol. 408(1), 42–57 (2011).
 14. Dixson, D. L., Abrego, D. & Hay, M. E. Chemically mediated behavior of recruiting corals and fishes: a tipping point that may limit 
reef recovery. Science 345, 892–897 (2014).
 15. Webster, N. S., Soo, R., Cobb, R. & Negri, A. P. Elevated seawater temperature causes a microbial shift on crustose coralline algae 
with implications for the recruitment of coral larvae. ISME J. 5(4), 759–770 (2011).
 16. Doropoulos, C., Ward, S., Diaz-Pulido, G., Hoegh-Guldberg, O. & Mumby, P. J. Ocean acidification reduces coral recruitment by 
disrupting intimate larval-algal settlement interactions. Ecol. Lett. 15, 338–346 (2012).
 17. Montgomery, J. C., Jeffs, A., Simpson, S. D., Meekan, M. G. & Tindle, C. Sound as an orientation clue for the pelagic larvae of reef 
fish and crustaceans. Adv. Mar. Biol. 51, 143–196 (2006).
 18. Parmentier, E. et al. The influence of various reef sounds on coral reef fish behavior. J. Fish Biol. 86, 1507–1518 (2015).
 19. Cato, D. H. The biological contribution to the ambient noise in waters near Australia. Acoust. Aust. 20, 76–80 (1992).
 20. Vermeij, M. J. A., Marhaver, K. L., Huijbers, C. M., Nagelkerken, I. & Simpson, S. D. Coral larvae move toward reef sounds. PLoS 
ONE 5(5), e10660 (2010).
 21. Lillis, A., Bohnenstiehl, D., Peters, J. W. & Eggleston, D. Variation in habitat soundscape characteristics influences settlement of a 
reef-building coral. PeerJ 4, e2557 (2016).
 22. Slabbekoorn, H. et al. A noisy spring: the impact of globally rising underwater sound levels on fish. Trends Ecol. Evol. 25, 419–427 
(2010).
 23. Simpson, S. D. et al. Anthropogenic noise increases fish mortality by predation. Nat. Commun. 7, 10544 (2016).
 24. Holles, S., Simpson, S. D., Radford, A. N., Berten, L. & Lecchini, D. Boat noise disrupts orientation behavior in a coral reef fish. Mar. 
Ecol. Prog. Ser. 485, 295–300 (2013).
 25. Sobel, J. & Dahlgren, C. P. Marine Reserves: A Guide to Science, Design and Use. Island, Washington, DC (2001).
 26. Sale, P. F. et al. Critical science gaps impede use of no-take fishery reserves. Trends Ecol. Evol. 20(2), 74–80 (2005).
 27. Kaplan, M. B., Mooney, T. A., Partan, J. & Solow, A. R. Coral reef species assemblages are associated with ambient soundscapes. Mar. 
Ecol. Prog. Ser. 533, 93–107 (2015).
 28. Nedelec, S. et al. Soundscapes and living communities in coral reefs: temporal and spatial variation. Mar. Ecol. Prog. Ser. 524, 
125–135 (2015).
 29. Kennedy, E. V., Guzman, H. M., Holderied, M. W., Mair, J. M. & Simpson, S. D. Spatial patterns in reef-generated noise relate to 
habitats and communities: evidence from a Panamanian case study. J. Exp. Mar. Biol. Ecol. 395, 85–92 (2010).
 30. Piercy, J. J. B., Codling, E. A., Hill, A. J., Smith, D. J. & Simpson, S. D. Habitat quality affects sound production and likely distance of 
detection on coral reefs. Mar. Ecol. Prog. Ser. 516, 35–47 (2014).
 31. Harrington, L., Fabricius, K., De’Ath, G. & Negri, A. Recognition and selection of settlement substrata determine post-settlement 
survival in corals. Ecology 85, 3428–3437 (2004).
www.nature.com/scientificreports/
9Scientific RepoRts |  (2018) 8:9283  | DOI:10.1038/s41598-018-27674-w
 32. Sneed, J. M., Ritson-Williams, R. & Paul, V. J. Crustose coralline algal species host distinct bacterial assemblages on their surfaces. 
ISME J. 9, 2527–2536 (2015).
 33. Slabbekoorn, H. & Bouton, N. Soundscape orientation: a new field in need of sound investigation. Anim. Behav. 76, e5–e8 (2008).
 34. Bertucci, F., Parmentier, E., Berten, L., Brooker, R. M. & Lecchini, D. Temporal and spatial comparisons of underwater sound 
signatures of different reef habitats in Moorea Island, French Polynesia. Plos One 10(9), e0135733 (2015).
 35. Staaterman, E., Rice, A. N., Mann, D. A. & Paris, C. B. Soundscapes from a Tropical Eastern Pacific reef and a Caribbean Sea reef. 
Coral Reefs 32, 553–557 (2013).
 36. Bertucci, F., Parmentier, E., Lecellier, G., Hawkins, A. D. & Lecchini, D. Acoustic indices provide information on the status of coral 
reefs: an example from Moorea Island in the South Pacific. Sci. Rep. 6, 33326 (2016).
 37. Mann, D. A., Casper, B. M., Boyle, K. S. & Tricas, T. C. On the attraction of larval fishes to reef sounds. Mar. Ecol. Prog. Ser. 338, 
307–310 (2007).
 38. Kight, C. R. & Swaddle, J. P. How and why environmental noise impacts animals: an integrative, mechanistic review. Ecol. Lett. 14, 
1052–1061 (2011).
 39. Francis, J. R. & Barber, A. Framework for understanding noise impacts on wildlife: an urgent conservation priority. Front. Ecol. 
Environ. 11, 305–313 (2013).
 40. Chin, A. et al. Status of Coral Reefs of the Pacific and Outlook: Global Coral Reef Monitoring Network (2011).
 41. Lecchini, D. & Galzin, R. Influence of pelagic and benthic, biotic and abiotic, stochastic and deterministic processes on the dynamics 
of auto-recruitment of coral reef fish. Cybium 27, 167–184 (2003).
 42. Whalan, S., Abdul Wahab, M. A., Sprungala, S., Poole, A. J. & de Nys, R. Larval settlement: the role of surface topography for sessile 
coral reef invertebrates. PLoS ONE 10(2), e0117675 (2015).
 43. Buston, P. M., Jones, G. P., Planes, S. & Thorrold, S. R. Probability of successful larval dispersal declines fivefold over 1 km in a coral 
reef fish. Proc. R. Soc. B. 279, 1883–1888 (2012).
 44. Davies, S. W., Meyer, E., Guermond, S. M. & Matz, M. V. A cross-ocean comparison of responses to settlement cues in reef-building 
corals. PeerJ. 2, e333, https://doi.org/10.7717/peerj.333 (2014).
 45. Rivest, E. B. & Hofmann, G. E. Responses of the metabolism of the larvae of Pocillopora damicornis to ocean acidification and 
warming. PLoS ONE 9(4), e96172 (2014).
 46. Nedelec, S. et al. Anthropogenic noise playback impairs embryonic development and increases mortality in a marine invertebrate. 
Sci. Rep. 4, 5891–5895 (2014).
 47. Sueur, J., Aubin, T. & Simonis, C. Seewave A free modular tool for sound analysis and synthesis. Bioacoustics 18, 213–226 (2008).
 48. Lecchini, D., Miura, T., Lecellier, G., Banaigs, B. & Nakamura, Y. Transmission distance of chemical cues from coral habitats: 
Implications for marine larval settlement in context of reef degradation. Mar. Biol. 161, 1677–1686 (2014).
 49. Baird, A. H., Salih, A. & Trevor-Jones, A. Fluorescence census techniques for the early detection of coral recruits. Coral Reefs 25, 
73–76 (2006).
 50. Roth, M. S., Fan, T. Y. & Deheyn, D. D. Life history changes in coral fluorescence and the effects of light intensity on larval physiology 
and settlement in Seriatopora hystrix. PLoS ONE 8(3), e59476 (2013).
Acknowledgements
This work was supported by research grants from Agence Nationale pour la Recherche (ANR-11-JSV7-012-01) to 
David Lecchini and Laetitia Hédouin, and by the IRCP-SNH-SPDD grant 2017 awarded to Shubha Singh.
Author Contributions
E.P., M.M.N., L.H. and D.L. designed the experiments. F.B., C.G., A.K., M.B., N.R., C.B., S.S. and C.B. performed 
the in aquaria experiments. F.B. and D.L. performed the statistical analyses. F.B., E.P., M.M.N., R.M.B., D.L.D., 
L.H. and D.L. wrote the article.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-27674-w.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
